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ARSTRACI

Within the last 67 years, there has been a substantial prowth in om knowledpe of the solar and
imcrplanctiny causes of peomagnetic storms at Farihe “This review ariicle will not attenipt to
cover all of the work done during this perniod. This can be found clsewhere. Our ciphasis here
will anstead be onrecent cutting-cdge efforts that expose imporiant, presently vnanswered
questions that must be addiessed and solved before true predictability of stonms can be possible.
Hopefolly, this wiicle will encourage some ol readers to join i on this effori and perhaps make

major contributions to the ficld.
INTRODU CTION

We now know that intense (Dgp < - T 10T) peomagnetic storms are caused by Lape southwind
mterplanctary Bz events (B, < - 10 1'I) that have dwations cqual o or greater than 3 howrs
(Gonzalez and Tsuratani, 1987). ‘These events wme typically associated with high speed sola
wind sticams (Bwlaga et al, 1987; Tewotani ¢t al., 1988; Gosling ¢t al,, 1991) that me the
interplanctary extension of coronal mass ¢jections (CMES), impulsive events occuning at the
Sun.

A few yems back, 10 was "common knowledge” that magnetic 1cconnection occuried in solat
active regions cicating solw flares and the concomitial expulsion of coronal mass outward fiom
the Sunc However, careful coronapraph data studies (Havison, 1986; Harrison, 1991) have
shown that CMIEs are acceclerated as they propagate outwiand, and the initial 1elease time of the
CMI thus actually precedes the time of onset of the rclated solan fle and/or prominence
craption. ‘Thus, the release of CMIis (o1 their 1elated mechanisim), must be the canse of solm
flves rather than vice-versia These new obscrvations have caused a flood of new idcas on the
clcase mechamsm for CMEs. The mechanism is still not well understood, bul one promising
idcas s the pesence of stong sheer forees topether with magnetic buoyancy may allow the
1clease of previously bound coronal mass (Low and Smith, 1993). We will come back to this

idea somewhat later,

Below, we willattempt to sumimanize some o the roost ree ently published work and ideas to gave
the reader @ view of owr present understanding aegarding the solar, intcrplanctary and

magnctosphenc physics associated withmagnetic (011118,
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Corongl Mass Ejections

Hundhausen (1993), in a 1¢ cent outstanding, paper, has examnined over 1300”  coronal mass
cjections f1om thie Sol s Maximum Mission cotonagr apli/polanimceterimages of the solarcorona.
The data spans 1980 and 1984 through 1989, 1 lundhausen (1993) finds that the CMES latitude
distiibution is clumped about the heliomagnetic equator, 1a thier than around the heliographic
cquator. ‘The CME latitude distribution 1S therefore different from that of sunspots, active
repions and/or o flares. He finds that the average angular width of a CMIEis 4-/7 witha

mcdian value of 447,

Perhaps the most encouraping result that Hundhausen (1993) ha s discovered 101 stor 111
predictability 1S that ther e are of ten visible signals preceding the release of CMEs Figuie 1is a
synoptic map of the cast lnnb (top) and west Innb (bottom) of the corona at a di stan ce of 2Ry
fromthecenterof the SUN. Time increases 10 the Ieft. The brighticgions corespond 10 cor onal
helmet sticamers, closed magnetic held regions, closely conesponding to the magnetic equator,
Also indicated in the Figme aie location (dots) wher ¢ the CME events have taken place. 'The
CME aupolar widths we indicated by vertical bars. What is quite striking in the Fipmie 1S that
one ¢t m note that coronalmass cjcctions typi cally come from the helmctsticamerbelt and thiere
is o ften @ preceding brightening and broadening of the local steamer belt prior 1) CMIE releasce.,

After the release, the local sticamer belt at the CME 1elease site dims substantially.

Such a visible precu sor, indicative of an impending 1elease of coronal mass, gives hope that we
can ¢ ventually predict geomagnetic storms days 01 cvenweeks b efore Inc. coronal mass is
actually clected. This advanced warning is inaddition to the 1-3 day p ropagation ime for the

mter planctary disturbance toreach the Earih,

There ae, however, presently hmitations 100111 knowledge about whien CMEgs will be released.
Only about half of the CMEs vsed in the SMM study showed this prior brightening and
broadening (Hundhausen, 1993). 1°1]¢.11 is also no obvious coronaltfeature thatpresently canbe
used to predictthe velooity of the CME well away fiom the Su i (whethen it will be fast enough
(o produce a shock wave ornot), nor is there any obvious coronal feature o featw es tha t canbe
used to predict exactly wh en release will ocew (Hu ndhau sen, p ersonal conmn,, 1993). These are

some of the obvious chialle ngees forthe solarphysicists forthe nextfew years,
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Perhaps one important clue that might give physical insight into CME releases has been iecently
provided by Gonzalez and “I'suratani (1993). Figure 2 shows the relationship between coronal
holes, active 1egions and the heliospherie current sheets (CHARCS). Here, Gonzalez and
Tsuratani have examined this relationship for 10 intense magnetic storms that were previously
discussed in the Iterature (Fsuratani et al., 1988; Gonzalez et al,, 1989; Tang ¢t al., 1989). The
location of the coronal holes (cross-hatched 1cgions) waere obtained from the NOAA Boulde
Solar Geophysical Data (. McIntosh, private communication, 1993), the current sheet location
(dashed hines) are from Hocksema and Shener (1986) and the active region locations (X's) are
from Tang ¢t al. (1989). From the Figwe, the reader can note that the active regions (AR) is
always to the left (castward in the Canington rotation plots) of the current sheet.. During the
period when these events occunied (1978-1979), close to sunspot maxitmum (1979), the current
sheet had very high (ahmost vertical) inclinations. Another important feature is that low latitude
coronal holes are also present very close to the AR and to the cunrent sheet. At the present time
it is not clear what this three-way interrelationship indicates. However, it exists for practically
all of the 10 storms studied by Gonzalez et al., (1989) and cetiainly scems 1o not be coincidental.
One speculation is that the sticams associated with the coronal holes may, thhough nonradial
flow, pressurize the ficlds near the current sheet (the helmet streamenr ficlds) and lead to thei
destabilization. 1t should be noted that although the exact location of the CME is not known, it is
known to be in the same gencral vicinity as the AR. Thus, the conrelation that Gonzalez and

Fsuratani have found also poes fro CMiis as well.
Interplanctary CMIis

A recent schematic of what an interplanctary CME looks like is shown in Figure 3, taken from
Chocet al. (1997).  ‘The fastest CMEs with associated forward shocks are the events that are
miost likely to cause intense geomagnetic acti vity, so this case is illusttated her ¢ Tuther
discussion of CMEs in this paper will concern only the fast events. There ae two regions in the
vicinity of a CME where there ae intense HIS{ tlctic fICids, inthe sheathregions behind (sutnwand
of) the shock, and inthe driver gas (CME) proper. The fust region has intense magnetic ficlds
duc 1o the shock compression of the slow, up sticam solar wind.  The amount of compiession
depends 011 the shock Mach nuber (which in turn depends on therelative velocities Of the twao
sticams and the local magnetosonic wave phase speed). The field within the dinver ga s is
ountwardly convected pla sma from the solar sowee region. The driver gas is a low betaregion (8
: 0.1, Choe et al,, 1992). Varnious means of identifying the driver gas have been applied:
sensing bidirectional electron and proton st cawns (Gosling et ill., 1987) detecting high but low

variance magnetic ficld s (Padovkin and Chertkov et ill., 1976; Zwickletal,, 1977 ; Tsurutani ¢t



a., 988), and low plasma temperatures (Zwick et al., 977). should be mentioned ha a
universal set of identification critena have not been found (Zwickl ¢t al., 977; Choce ¢t al.,
9927), cven though senous attempts have been made Identifying drivers is stil a difficult and

uncerlain task.

Because of this difficulty, an important 1egion of the diiver gas has been missed until 1ecently.
Choc et al. have found that in about 30% of the cases, there is an outer shel of helium eniched
plasma around the high magne ic field 1egion (shown by the cross-latched region in the Figure),

he heliun to proton density ratios ae greater than 10%, with values up to 20%.  Somewhat
cmbarrassingly, this feature was the original criterion when driver gases were first identified
(Fhrschberg ct al., 1976). had been overlooked by investigations partially because the He
chhancements are spotty (thus the development of the aisin-pudding modcel), and no one had

attemy ted to look for another shel . Whether there is always addi iona  driver gas material

outside the high field cgior is unclear a this e, At present, the Helivm envichment is

only consistent feature ha has been found. A magnetic discontinuity is noted at the outer

boundary of the shell, but this discontinuity i

not particularly unigue and docs not appear to be
always usable to identify the shell boundary.  Shells may therefore be present more often than
30%, but we cannot identify these at present. Furthermore, there may be CME material even
beyond the Heliuvm shell. At this time we cannot tell

The reason that Choce et al. have stated that a "shell is present is that as the spacecraft penctiated
throughout the high-speed strcam, the Helium enhancement was identificd twice on soth sides of
the high ficld, low beta region. When He is present, it is present in both egions, detecting
both crossings also allowed cthoe et al. to detenmine the shape of the driver gas. ‘They applicd
the minimum vanance technigque (Sonnerap and Cahil , 1976) to the high resolution magnetic
ficld data at the (langential) discontinuitics, and obtained the normals to the surfaces. What they

obtained is a flattened frontside with a more clongated — ailing portion, shown in the schematic.

low docs this driver gas correspond to CMEis observed closer to the Sun? We use the 1Hing and
Jundhausen (1986) figure of CME as an illustration. 'This is shown in Figure 4. There are three
principa regions almost always present: an outer bright loop or loops, a dark region sunward of
the bright loop, and a twisted filamentary stiucture closest to he Sun What corresponds to
what? Ow suggestion is that because the CMY: dark 1egion is devoid of material, it is 1most

probably the aigh ficld low-3 region noted in interplanctary space. The low temperature and

bidircctional streaming is also consistent with his sicture. The bright outer oops of the CME

may correspond to the Heliunm enriched region. A AU the plasma f3is ypically ~ .0 in this
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I le rich region, so this correspondence fits quite nicely. 11 one adopts this scenar io, then there
should always be plasina outside of the high ficld region (there are al ways b ightloops), and
rescarchers should therefore look carefully to confinm o1 deny this possibility. Finally, what (1o
the filament con esponds to ininter planctary space?  In this picture the filaments have yet to be
identified. If this scenario is correct, these filaments should be located sunwar d of the high field,
low Bregions.

Prediction of IME B, Directionglity

If we are able to predict the occur e nee of a high ficld region propagating towards the Earth's
magnctosphere, this is only part of the predictability problem. We also need to predict the
dircetion of the interplanctary inagnetic field. 1t must be substantially southward for magnetic
reconnection and intense solar wind cnicr gy transfer to the magnetosphere to occur. 1 lockseia
and Zhao (1 992) and Zhao ct al. (1993) have usc. da potential field i odel of the coronato
estimate the direction o £ the coronal ficld at 0.03 Rg above the solar active region (o
promincnce) site.  They find that they pr ~.diet the correet  orientation of the interplanctary
magnetic ficld driver gas (based on the assumption that the ().03 Rs ficlds are simply conveeted
outward) «/ out of 8 times for active 1egions (ARs), but O out of 1 times for prominences.
Although the correspondence is high for active regions, the statistics are still poor. A similar

effor t willbe carried outin the neat futuie using. @ greater number of events,

Wec also stillneed to be able to predict the magnitude of Bg and perhaps evenmore difficult, the
scale. of the stracture (the length of time that such afield onentation will be maintained as the
solarwind flows pastthe magnctospher e). The above aso only addresses ficlds within the driver
pas. The sheath fields which are responsible for S0% of major (Dgp < - 100 1'T) storm onsets

cannot be predicted by this means,

The scasonal variations for intense magnetic storms that occurred between 1975 and 1986 1S
given in Figure 5. This is taken from Gonzalez and Tsurutani (1997?). The peak occurrence of
stonmsare found near Ma reh-April and October- November. These two periods are close to the
cquinoxes where the Earth's dipole it in the y-direction are maxi ma, and also when the Earth
has maximuom and minimum h cliocentric latitudes. Explanatio ns of the storin seasonal variations

have thus fallen into two categor its, cquinoctial and axiathypotheses, 1espectively.



Lquinoctial Hypothesis

Fipure 6 gives some mechanisms for southwar d sheath fields, There are three in particular (a, d
and f) that could be combined to getascasonaldependence of sheath fields. First, if for some
reason, there are southward ficlds upstream of the shock, shock compression will allow an
intensification of this component. Field line draping around an object such as a CME will lead 1o
squeezing of the plasmaalong the lines of force in the antisolar direction, leaving a low 3 high
field region remaining near the nose of the object. *1'bus, if the sheath ficlds are southward, this
Zwan-Wolf (1976) cffect will lead to further intensification.  During the equinoxes when the
Larth's dipole tilt is maximum in the y axis direction, ecliptic By ficlds will attain significant By,
components when transformed to GSM coordinates (Russell and McPherron 19735 Crooker et
al,, 1992). This plus the other two mechaniisins (shock compress ion plus draping) could lead to

significant southward m agnetic fields in the sheath region behind the CME shocks.

However, the sign of By, depends upon the sign of the GSE By field. One sign of By will leadto
greater southward fields in GSM coordinates and the other sign of By will decrease 11s. Thus, it

is not clear what the overall effect might be for this mechanism.,

Gonzalez et al. (1993) have tested the effect of this mechanism for major (P87 <- 100 n'I) and
great (DT < - 250 n'T) magnetic stor ms where sheath ficlds have been clear ly identified
(I'surutani et al,, 1988;1992). Example of two cvents are shown in Figure 7. For the top event,
that of September 18, 1979, there is very little difference between the By component in GSM and
GSE. This is because the GSE By component is very small and the coordinate transformation
therefore has only aminoreffect 011117, The GSM B, is due. to the presence of significant By in

GSE coordinates.

A sccond example of amagnetic storm that occurred near a (spring) equinox is shown in the
bottom pancl. Inthis case, the coordinate transformation caused the field to be more northwar d,

actually diminishing the storm's intensity.

Gonzalez.et a. (1 993) have stmmarized their study in Table 1. Major storms arc listed inpart A
(top) and great storms in part B (bottom). Both the peak and the (main phasc) storm time-
integrated By, ficlds were considered. These By, values are shown in both GSE and GSM
coordinates. A positive percentage increase indicates that B, becomes more negative as the

ficlds are transformed from GSI to GSM coordinates.
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Several points can be noted in the Table. First consider the peak By values. ‘The effect of the
coordinate transformation is mixed. (4 of 9) events increase and the otherhalf (5 Of 9) decrease.
Also the percent effect is quite small, considerably less than the maximum effect that Crooker et
ill. (1 993)indicate is possible. ([he maximum effect occurs when the ficld is entirely in the GSE
By(lircc.li()nandwhcnth(‘.l()c.allimc allows the magnetic dipole. tilt to beinthe same sense as
the Earth's rotation axis tilt). There arc only two events where there is a2 20%  effect on the
peak By This is on March 10,1979 (i 2 1.0%) and on April 13,198 | (- 24.47).

Gonzalez et al. have also considered the time integrated By, value in the sheath 1 egion. This was
cal culated on the presumption that these might be a "priming” effect on the magnetosphere.
1 lowever, any such priming cffect must be quite shortlived, and this integration is thus anupper
limit to the ¢ ffect. Gonzalez et al. (] 989) have shown that the peak southward B, values occurs
within 1-2 hours of the peak Dgp and they and Feldstein (1992) estimate that the ring - Current
decay rate near the peak 18T is ~ 1 hour 01 less. Thusintegrationtimes Of only onc or two hours
are realistic. In the Table, 6 of 9 cvents are helped by the coordinate transformation, Again,
there arc only two events with> 20% cffects. Theyarcthe September 29, 1978 cvent (43.7%),
andthe Licbroary 21, 1979 cvent (- 21.5%).

We conclude that the equinoctial hypothesis is valid and can influcnce By, particularly for those
causing smaller ficlds related to substorms. 1 lowever, there IS no compelling evidence that this
m echanism can explain the wry large scasonal modulation of 1781 shownin 1 iigur ¢ 5. For about
half of the major and great storms, it caninfluence the By ficld at a 10-?20% level at best, and it
bothincreases and decreases By, and the size Of the storm,  Therefore, other mechanisms must be

sought for this modulation.
Axial 11ypothesis

Because of the lack of the effectiveness Of the equinoctial mechanism to create the intense
southward ficlds for major magnctic storms, we reexami ne the possibility that axial mechanisms
arc the dominant cause of this e fect. For this mechanisi, we focu s 011 the driver gas ficld s

rather than the sheath fields.

Figure 8 shows the location of five solar source regions where the driver gas fields from the
CMlis produced major 01’ great magnetic storms at Earth,  The latitude Of the Farth has been
subtracted out. From the Figure we note thatall of the solar sources are close to the latitude Of

the Farth and longitudinally are close to the central meridian (CM) plance. The p reviously
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reported average angular width of CMEs close to the Sun of 44" (1 lundhausen, 1993) is
consistent with [his distribution and the assumption that the CME propagates radially outward

from the Sun. The angular width of the associated shock is ~ 907, considerably broader.

‘The orientation of the field within the driver gas is generally unknown.  However, for the cases
where the fields cause intense magnetic storins, the ficld configuration is typically of a magnetic
cloud configuration (Klein and Burlaga, 1 982), where there are large north-south ficld
components (by definition).  Marubashi (1 986) has indicated one possivte three-dimensional
configuration, that of a large magnetic fMux- rope. Noting that the By, ficlds are not always the
largest at the edges of the magnetic cloud, we have slightly altered Marubashi's figure in Figure
9 This is 3 multiple flux ropce where the inner rope is more intense than the outer one.

With this con figuration in mind, Figure 10 illustrates how magnetic clouds could cause
geomagnetic effects that are scasonally dependent.  One-quarter of the edge of a flux rope is
shown. If the spacecraft/Farth cuts through the center of the flux rope (along the x-axis), the By,
values are maximunm, By, = IBL If the spacect aft/l farth cuts through point (1), the field is entirely
in the Bx direction and there will be only small gecomagnetic effects. ‘1 'herefore, from this
schematic, for intense gecomagnetic storms, the solar event should take place when the Earth is
close to its subsolar point. The finite size of the CME dictates that for substantial By, values the
CMlis should intersect the Earth's maagnetosph cre close to its latitudinal center. The motion of

the 1 larth to higher andlower latitudes near the solstices help thisto happen.
Viscous Interaction

Thus far we have only been discussing solar wind energy transfer 10 the Earth's magnetosp here
when magnetic reconnection IMY Bg) is taking plain 1 Iowever, there is another possible
mechanism for encrgy injection, that of a viscous-like. interaction. The exact mechanism
(Ax ford and Hines, 1964) is not speci fied, but a number of more recentl y suggest possibilitics

exist.

‘The Kelvin Helmholz instability has maximum growth rate when the interplanctary ficlds are
oricnted orthogonall y to the Earth's field. T for northward directed interplanctary ficlds, these will
be orthogonal to the gecomagnetic tail field. This configuration also minimizesreconnection at
themagnetopausc 1) OSL’.. We feel that these types of events are excellent ones to examine to get

anestimation of the level of efficiency for viscousinteraction.
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For pressure Halance at the magnietopause, weuse the Spreiter et a. (966) relationship:
kp Vsw? cos? 0: (fB)?/8n (1)

in the above cxpression, k is the specular reflection index, p the solar wind density, Vsw the
solar wind velocity, and 6 the angle of the solar wind to the magnetopause. normal. on the right-
hand side. of the equation, B is the magnetopause ficld strength and f the compressional
amplification factor. We use. the empirically determined value of 1.69 for {2/k (Holzer and
Slavin, 1978). We also need to estimate the field at the dawn and dusk meridianmagnctopause
distance relative to the subsolar distance. Sibeck et a. (1991) from an empirical study, has found
this expansion factortobe -- 1.1. We will use this number in our  calculations.

We aso need an expression for the energy dissipation within the magnetosphere. The Akasofu
(198 1) expressionis

Uy = Up 4 UA + U ()

where Urpis e totalenergy inputinto e magnetosphere which is composed of the ring current
injectionenergy (Up), aurora] particle precipitation (UA) and joule heating (Ug). Akasofu
cmpirically found that Up -- 1 X 1015 AL (1) ergs s-Tand Uy was twice this valuc.

‘1able 2 gives the solar wind data for 17 By events identified by Gonzalez and Fsuratani (19806).
All of these events were associated with high speed streams during and near solar maximuin.
The columns, from left-to-right, arc the date of the event, the peak BN value, the duration Of the
cventin hours, the peak magnetic ficld inagnitude of the event, the. Magnctosonic Mach number
(if a shock was present), the lag time of the peal By relative to the solar wind event onset, the
Al value during the event, the Dgp value (R indicates recovery phase), the solar wind velocity,
proton” density, helium density and the 1 M1 By values.

in Table 3, the values in “1'able 2 arc used to compute some physical parameters.Column?2 is the
magnetic field magnitude ac the magnetopause nose, calculated from the pressure balance
expression given inequation (1). Column 3 is the calculated arca of the magnetosphere, column
4the solar wind energy flux density, and column (5) the energy impinging on the magnetosphere
in ergs s]. In comparison, columnl of Table 4 gives the magnetospheric energy deposition
taken from expression (2). The sccond column of ‘1’ able, 4 is the efficiency of solar wind energy
transfer.  Typical numbers are 1-3.5 X 10-3, In comparison, for magnetic storms, where
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reconnection is the predominant process, the efficiency is shout 1 ()%, or almost 50 time.s more

cfficient.
CONCI.USIONS

We have attempted to give the 1cader abrief summary of what we currentl y know about the solar
and interplanctary causcs of magnetic storms. ‘1'here are still quite a few voids in our knowledge
and thus timitations inour ability w predict such events based on solar observations alone. We
belicve that within the near future there should be major advancements in our understanding of

storms and the eventual ability to predict them in a quantitative fashion,
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SHEATHFIEL]S

a) Shocked southward fields
‘1 surutaniet. al., 1988

b) Shocked heliosphernc current sheets
‘1 surutaniet. d., 1984

¢) ‘1urbulence, waves or discontinuities

d) Draned magnetic fields
Zwan and Woll, 19-/G

c) McComas et. al., 1989

f) Russell andMcPherron,1973;
Crooker et. al., 1992
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INTENSE STORMS (-220 nT" < peak Dst < -100 n'l)

EVENT Bz Bz | Increment
GSE(i1) | GSM(iT) | (%)
Aug. 28,1978 -22.0 -24.5 11.4
Sep. 29 +26.0 -22.1 -15.()
Nov. 25 -16.2 -17.0 4.9
Feb. 21,1979 -14.1 *-15.7 11.3
Mar. 10 -12.4 -1s.0 21.0
Mar. 29 -9.7 -10.9 12.4
Apr. 4 gap
Apt, 25 gap
Aug. 29 -13.8 -12.1 -12.3
Scp. 18 -19.3 -17.4 -9.8

GREAT STORMS (pink Dst <-250 n'l)

[ ““ EVENT, « "Bz " Bz Increment

,,,,,,, | GSE(@T) [ GSM (nT) | — (%)
IDee. 19, 1980 -14.1 -15.0 6.4
Apr. 13,1981 -30,7 -23.2 -24.4
Jul. 13, 1982 -35,4 -34.5 -2.5
Sep. 6,1982 208 203 24
Feb. 4, 1986 uncertain

f{ alt, |
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Continued. SUMMARY OF PARAMIEITERS RELATED TO THE 11 IME BN EVENTS.

Fmag Ul

crg sl cfficicncy
2. 2.2 x 1017 1.0 x 103
3. 2.2x1017 2.2 x103
4. 6.0x 1017 3.0x103
5. 9.0x1017 2.0x103
6. -
7. 45X 1017 3.4 x 103
8. 1.1 x 1017 1.3x 103
9. 3.3x1017 1.7 x 103
10. 1.1 x 1018 1.1x102
11. 3.0x 1017 2.1x 103

{arkbo 3




